We estimate the amount of methane (CH 4 ) emitted by the largest dairies in the southern 17 California region by combining measurements from four mobile solar-viewing ground-based 18 spectrometers (EM27/SUN), in situ isotopic 13/12 CH 4 measurements from a CRDS analyzer 19 (Picarro), and a high-resolution atmospheric transport simulation with Weather Research and 20 Forecasting model in Large-Eddy Simulation mode (WRF-LES). 21 The remote sensing spectrometers measure the total column-averaged dry-air mole fractions of 22 CH 4 and CO 2 (X CH4 and X CO2 ) in the near infrared region, providing information about total 23 emissions of the dairies at Chino. Differences measured between the four EM27/SUN ranged 24 from 0.2 to 22 ppb (part per billion) and from 0.7 to 3 ppm (part per million) for X CH4 and X CO2 , 25 respectively. To assess the fluxes of the dairies, these differential measurements are used in 26 conjunction with the local atmospheric dynamics from wind measurements at two local airports 27 and from the WRF-LES simulations at 111 m resolution. 28 Our top-down CH 4 emissions derived using the Fourier Transform Spectrometers (FTS) 29 observations of 1.4 to 4.8 ppt/s are in the low-end of previous top-down estimates, consistent 30 with reductions of the dairy farms and urbanization in the domain. However, the wide range of 31 inferred fluxes points to the challenges posed by heterogeneity of the sources and 32 meteorology. Inverse modeling from WRF-LES is utilized to resolve the spatial distribution of 33 CH 4 emissions in the domain. Both the model and the measurements indicate heterogeneous 34 emissions, with contributions from anthropogenic and biogenic sources at Chino. A Bayesian 35 inversion and a Monte-Carlo approach are used to provide the CH 4 emissions of 2.2 to 3.5 ppt/s 36 at Chino. 37 3
5 Lindenmaier et al., 2014; Hase et al., 2015; Franco et al., 2015 , Wong et al., 2015 , Chen et al., 93 2016 Kille et al., 2017) . 94 In this study, we use four mobile ground-based total column spectrometers (called EM27/SUN, 95 Gisi et al., 2012) in the literature. In this study, the same column measurement network is employed in 103 conjunction with meteorological data and a high-resolution model to estimate CH 4 emissions at 104 Chino for several different days, including more varying wind conditions. The approach 105 proposed here allows us to describe the spatial distributions of CH4 emissions within and 106 around the feedlot at very high resolution by using an advanced atmospheric modeling system 107 applicable to any convective meteorological conditions (Gaudet et al., 2017) . 108 In section 2 of this paper, the January 2015 field campaign at Chino is described, with details 109 about the mobile column and in situ measurements. In section 3, we describe the new high (2016) . Using Allan analysis, it has been found out that the precision of the differential column 137 measurements ranges between 0.1-0.2 ppb with 10 min averaging time (Chen et al., 2016) . For 138 this analysis, we need to ensure that all the data from the EM27/SUN instruments are on the 139 same scale. Here, we reference all instruments to the Harvard2 instrument. Standardized 140 approaches (retrieval consistency, calibrations between the instruments) are needed to 141 7 monitor small atmospheric gradients using total column measurements from the EM27/SUN. 142 Indeed we ensured all retrievals used the same algorithm, calibrated pressure sensors, and 143 scaled retrievals according to observed, small systematic differences to reduce instrumental 144 biases (Hedelius et al., 2016) . 145 These modest resolution (0.5 cm -1 ) spectrometers are equipped with solar-trackers (Gisi et al., 146 2011) and measure throughout the day. To retrieve atmospheric total column abundances of 147 CH 4 , CO 2 , and oxygen (O 2 ) from these Near InfraRed (NIR) solar absorption spectra, we used the 148 GGG software suite, version GGG2014 (Wunch et al., 2015 . Column measurements at Chino 149 were obtained on five days: the 15 th , 16 th , 22 nd and 24 th of January, and the 13 th of August, 150 2015. Of these days, January 15 th , 16 th , and 24 th are sufficiently cloud-free for analysis. These inside the domain (the Chino airport indicated on panels d, e, and f and the Ontario airport on 156 panels g, h, and i). Wind measurements from these two airports, located at less than 10 km 157 apart, are made at an altitude of 10 meters above the surface. The exact locations of the four 158 EM27/SUN spectrometers (colored symbols in Figure 1 in the upper panels a, b, and c) were 159 chosen each morning of the field campaign to optimize the chance of measuring upwind and 160 downwind of the plume. On the 15 th and 16 th of January, the wind speed was low with a 161 maximum of 3 ms -1 and highly variable direction all day ( Figure 1 , panels d, e, g and h), 162 therefore the four EM27/SUN spectrometers were placed at each corner of the source area to 163 ensure that the plume was detected by at least one of the instruments throughout the day. On 164 the contrary, the wind in January 24 th had a constant direction from the Northeast and was a 165 relatively strong 8-10 ms -1 (Figure 1 , panels f and i), so the instruments were located such that 166 one spectrometer (Harvard2) was always upwind (blue symbols in Figure 1 The EM27/SUN column measurements are supplemented by ground-based in situ 171 measurement using a commercial Picarro instruments during January campaign. The Picarro 172 instruments use a Cavity Ringdown Spectroscopy (CRDS) technique that employs a wavelength 173 monitor and attenuation to characterize species abundance. 174 In situ 12 CH 4 , CO 2 , and 13 CH 4 measurements were performed on January 15 th , 16 th , and 22 nd , and 175 August 13 th 2015 at roughly 2m away from the LANL EM27/SUN (Figure 1 a, The inversion of the emissions over Chino is performed using a Bayesian analytical framework, 279 described by the following equation: and 16 th (Figure 1, panels d, e, g and h) , the maximum gradients observed between the 325 instruments are 17 and 22 ppb (parts per billion), and 2 and 3 ppm (parts per million), for X CH4 326 14 and X CO2 , respectively. Assuming that the observed Xgas changes are confined to the PBL, 327 gradients in this layer are about ten times larger. Gradients observed on January 15 th and 16 th 328 are higher than those of X CH4 and X CO2 of 2 ppb and 0.7 ppm observed on a windy day, the 24 th . 329 The X CH4 and X CO2 variabilities captured by the instruments are due to changes in wind speed 330 and direction, i.e., with high X CH4 signals when the wind blows from the dairies to the 331 instruments. Thus, the EM27/SUN are clearly able to detect variability of greenhouses gases at 332 local scales (temporal: less than 5 minutes, and spatial: less than 10 km) indicating that these 333 mobile column measurements have the potential to provide estimates of local source 334 emissions. aircraft measurements. They found that the measured X CH4 gradient of ~2 ppb, agrees within 359 the low range of the 2010 value. However, this differential approach, using upwind and 360 downwind measurements, reduces the flux estimates to only one day (January 24 th ), since the 361 wind speed and direction were not constant during the other days of field measurements.
362
In this study, we extend the analysis of the Chino dataset using the mass balance approach on 363 steady-wind day (on January 24 anomalies for individual measurement days are presented in Figure 4 . 383 Assuming the background levels 4 are similar at all the instrument sites within 10 km the molar mass of CH 4 (g/mol), and the Avogadro constant (mol -1 ).
398
On January 24 th , when the wind speed is higher than the other days (Figure 1, panels f, and i) , 399 the residence time over the dairies (∆ ) is reduced by a factor of 30. The mean ∆ from the 400 closest to the furthest instruments to the upwind site are 4 minutes for Caltech (black square, 401 Figure 5 ), 13 minutes for Harvard2 (green square, Figure 5 ), and 16 minutes for LANL (red 402 square, Figure 5 ). The X CH4 fluxes estimated using the mean states (mass balance approach) are to the proximity of a large CH 4 source. This exhibits delusive approximations implied by this 417 method (i.e., spatial inhomogeneity of X CH4 sources completely averaged out and conservative 418 transport in the domain) even on the "golden day" of strong steady-state wind pattern. 419 Therefore, when investigating emissions at local scales these assumptions can be dubious and 420 lead to errors in the flux estimates. . This provides the model information about the spatial distribution of CH 4 emissions. over the domain are about 1 ms -1 in the free atmosphere and slightly larger in the PBL (less 435 than 2 ms -1 ). For wind direction, the Mean Absolute Error (MAE) is less than 20 degrees in the 436 free atmosphere and increases approaching the surface, reaching a maximum of about 50 437 degrees there. In the PBL where local enhancements are located, the Mean Error (ME) remains 438 small oscillating between 0 and 10 degrees. At higher resolutions, the comparison between 439 observed and WRF-predicted surface wind speed (Figure 7) indicates that WRF is able to 440 reproduce the overall calm wind conditions for both days at both WMO stations, Chino (KCNO) 441 and Ontario (KONT). However, measurements below 1.5 ms -1 are not reported following the 442 WMO standards, which limit the ability to evaluate the model over time. On January 15 th at 443 KCNO, consistent with the observations, all domains except the 3-km grid predict no surface 444 wind speeds above 2 ms -1 from 16:00 -19:00 UTC, except for one time from the 111-m LES 445 domain. After this period, the 111-m LES domain successfully reproduces the afternoon peak in 446 wind speed of about 3 ms -1 , only slightly smaller than the observed values (3.6 ms -1 at Chino 447 and 3.9 ms -1 at Ontario airports). However, we should not expect perfect correspondence 448 between the observations and the instantaneous LES output unless a low-pass filter is 449 performed on the LES to average out the turbulence. On January 16 th 2015, the model wind 450 speed at KONT remained low throughout the day, in good agreement with the (unreported) 451 measurements, and also with available observations. approaches at low levels from the west, undercutting the easterly flow. By 00:00 UTC (=16:00 464 LT) the tracer seems to be concentrated in the cooler air just beneath the boundary of the two 465 opposing air streams (Figure 8, lower row) . 466 The tracer released (right columns in Figure 8) could be attributed with sufficient confidence using these tools. 506 The spatial distribution of the emissions is shown in Figure 13 , which directly corresponds to 507 the pixel emissions presented in Figure 10 . The largest sources are located in the southern part 508 of the dairy farms area, and in the northeastern corner of the domain. Additional interpretation 509 of these results is presented in the following section. The combination of the results from two 510 dates (January 15 th and 16 th ) is necessary in order to identify the whole southern edge of the 511 feedlots as a large source. Sensitivity results are presented in the discussion and in the 512 supplementary information section (S4 and S5). The triangulation of sources performed by the 513 inversion produced consistent results using different configurations of EM27 sensors for each 514 day. Inversion results cover the entire domain with all wind directions being observed over the 515 two days (cf. Figure 1, panels d sources observed in January, such as the lagoon, are still emitting in summer. Figure 11 shows 550 the scatter plot of one minute-average anomalies of CH 4 (∆ 4 ) versus CO 2 (∆ 2 ), colored by The fluxes derived by the FTS observations and the WRF-LES inversions, as well as previous 569 reported values are summarized in Table 1 . 570 The top-down CH 4 estimate using FTS observations in Chino provide a range of fluxes from 1.4 571 to 4.8 ppt/s during January 2015 (Table 1) , which are on the lower-end of previously published 572 estimates. These values of CH 4 flux estimates for January 2015 based on the FTS measurements 573 are consistent with the decrease in cows in Chino over the past several years as urbanization 574 spreads across the region. The mass-balance approach uses a simple characterization of the 575 background X CH4 that can be applied to any deployment of EM27 sensors. As described in S3, 576 emissions are estimated using the average residence time between the sensor locations based 577 on meteorological measurements. The wind direction has not been considered here to perform 578 a site selection and define background X CH4 mole fractions. Therefore, the range of emissions 579 from our analysis may be larger possibly due to variations in the observed enhancements when 580 the mean wind direction changes frequently over the day. The approach presented here could 581 be improved by collecting wind direction measurements co-located to EM27 sensors to help 582 define the boundary conditions (as described in Lauvaux et al., 2016) . 583 Considering the decrease of dairy cows number by ~20% from 2010 to 2015, and using the 584 emission factor of 168 kg/yr per head (CARB 2015 inventory: enteric fermentation + dry manure 585 management), the CH 4 flux associated with dairy cows at Chino decreased from 2.0 to 1.7 ppt/s, 586 which agrees well with our low flux estimates derived from FTS observations. However, fluxes 587 derived using the simple mass balance approach differs from each other, exhibiting the 588 limitations of this method, even on a "golden day" (steady-state wind day on January 24 th ). The 589 WRF-LES inversions (Figures 10 and 12 ) and mobile in situ measurements with the Picarro 590 instrument ( Figure 11 ) indicate that the CH 4 sources are not homogeneous within this local 591 area. In addition, wind measurements from the two local airports typically disagree regarding 592 the direction and speed (Figure 1, panels 
